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ABSTRACT 



The objective of this thesis has been the investi- 
gation of the influence of various design and operational 
parameters on the magnitude and phase relationship of pro- 
peller excited bossing forces. The investigation vses con- 
fined to the hydrodynemicslly induced forces normal to the 
bossing. 



A model bossing was installed upstream of a four- 
blsdad Troost propeller in the test section of the MIT Marin* 
Propeller Tunnel. The magnitudes of the forces were deter- 
mined by comparison of the response of the bossing system 
as instrumentation readings with readings representing the 
application of known forces to the bossing. Phase relation- 
ships were obtained by combining angular measurements com- 
puted from the instrumentation readings with direct angular 
readings, taken by means of properly timed strobe lights. 

The major conclusions of this investigation are: 

(1) The hydrodynamically induced vibratory force 
normal to the bossing is a function of propeller thrust, 
water velocity, clearance, and bossing length. 

(2) The generally accented law of similitude for 
scaling bossing forces is substantially in error for the 
forces measured in this investigation. 

(3) The phase angle rel&tionshin between the 
measured force and the propeller blade is relatively in- 
sensitive to clearance, but varies with prooeller t& rust 
and bossing length. 

The major recommendations resulting from this 
thesis are: 
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(1) Investigate the existing law of similitude, 

( 2 ) Verify the conclusion that the magnitude 
of the force is s function of the water velocity, and 

(3) Investigate the effect of variable wake on 
the magnitude of the vibratory force and its phase angl 
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I. INTRODUCTION 



A. GENERAL. 

Theoretically for any system to vibrate at other 
than its natural frequency a driving force constitutes 
a necessary condition. The resultant vibration is a 
function of the frequency and magnitude of the driving 
or exciting force. Any periodic force acting externally 
or internally on the system may^constitute the excitation. 
Considering a ship underway as the system the possible 
sources of excitation are numerous. The magnitude of a 
majority of these driving forces are such, or can be made 
such, that they are negligible. The rotating propeller 
constitutes a source of excitation which is of substantial 
magnitude. In geared-turbine and electric drive vessels 
this form of excitation is predominant and in many cases 
the sole source of vibration from a practical standpoint. 

Propeller excited vibrations may be subdivided into 
two distinct groups: (1) those of once per revolution 
frequency which result from propeller unbalance and (I) 
those of blade frequency. (Blade frequency equals the 
number of propeller blades times the shaft speed.) Ob- 
servations end previous investigations have shown that 



- / - 



wc.rj xp*-^p : . i 



.jiavv* , a 

- • » ^Jsidzv rd modesy© yp. t-j vl L-»3id©T 0 »dT 
‘••Jydid*poo *D7o} pnrv.ib • yonau-'eTd I* vji*n <11 n*/*3 
% J X Tid#?dlv }p*jlt/rf*T aifT .no I d ! or, o yvo*««o-*n • 
VMvxib 9 Hi o 'budinp*^ bns yon»u.>©i ; l *dd do r iddnul 
yi Unxadx* r n iJoa ooim olocix^ ynA .©ox'* pnidioxs in 
.• lr«d J ox- •n'j «dudidsn*o t«>d«y« arid r yfi4na«dni *£ 

’•I-'i*. . » H w,»is x n 9di as y*wt«»bnu 1 p< •• p. iln*bier>oo 
• }« «t ■•lino** srlT . 2 uot* *ur «•:« n Usdiox© • o uo* 
9b5- *: n* o :a K r(o'/* • i * j so 10 } pn vn') *-o*'d do ydict** 
Kiitccr r nlK. + „i •riT ,fi - x* y*dd - *d t >io‘ja 

'•ll^^h /4 it «1 do.'.** r'idsdioxo d *otuc« • ©sdydidsrto 

I J > l ► m s •V|*? ofl-5*I» S# i ©nid* l/t -t)9t ;il ,#*»y di r ip«9 

»*a*o yiua ni bn*, dn*ni«.©b#^ id n idkdiox* do -xicd t ill 
.d>'2< •<bn*o a ItoJy ono a -»cx} p^'dfcTcIiv * c ©oiuca • !•,• *dd 
otr>- bivlbdce *¥ y© • inoidbidlv b*dlo\- i..Ii 9 - 01 r 

noidwi*rv9i i«» ssnr o ©sort (i) :*^uo-rp dorUfito #.-i 
^* ) % *om! »dnu isJI^co'i* ** 3 iuati rloirl* yon«u *ij} 

♦Id ©/ay o y.’n-u.©id •' ' 1 ‘ ) ,yon-*u -»id #b*icf d tae^d 

- (.a*©n« i«',* 5»rld f-T.td * bJid T9d*t/' 

d.dt -V6M *nc Urp}j4»vrj suclv*:- Va &n< lUvia* 



the excitation frequency of ship hull vibrations is that 
of blade frequency. Further reference to propeller ex- 
cited vibrations will be to excitation of blade frequency 
unless specified otherwise. 

The propeller forces exciting hull vibrations are 
caused by hydrodynamic, forces acting on the propeller 
alone and/or by the interaction of the hydrodynamic forces 
acting on the propeller, hull, and appendages. In general, 
it has been established that the excitation forces of blade 
frequency ore transmitted to the vessel by means of: (1) 
shaft bearing and (2) hydrodynamicslly generated pressure 
fluctuations acting directly on the hull or its appendages. 

To clearly define the source of excitation of the 
blade frequency vibrations, the total vibratory force 
acting on a vessel is separated into bearing forces and 
surface forces. The surface force is more completely 
defined by specifying the surface upon which it acts. 

For example, a single screw vessel may have hull surface 
and rudder surface forces while the twin screw vessel rosy 
have, in addition, bossing surface forces or strut surface 
forces. Sometimes, the hull surface forces are referred 
to as hull suction forces. 

The bearing forces are caused principally by the 
wake variation across the propeller disc. From past 
investigations it has been generally concluded that in 
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both single and twin screw vessels the bearing forces ere 
a minor source of hull vibration. The hull surface forces 
in single screw vessels or the bossing surface forces, if 
bossing ere fitted, in twin screw vessels are the pre- 
dominant sources of excitation, 

A reasonable theoretical solution to the problem of 
calculating the surface forces is non-existent. A quali- 
tative explanation of the creation of this surface force 
is based on the concept of circulation. Referring to 
Fig. 1, in position (1) the circulation is entirely around 
the blade element as show. This causes a negative pressure 
on the forward face and a positive pressure on the after 
or driving face of the propeller blade. As the blade ele- 
ment approaches the bossing or hull surface there is a 
shift in the circulation to some path as shown in position 
(2). The shift in circulation is caused by the introduction 
of the structure in the path of circulation. The change in 
circulation is accompanied by a tangential moeentum change. 
To produce this change a force acts on the system of hull 
and propeller. As the blade moves past the structure the 
circulation is restored to its original value with an 
accompanying reversal of momentum and force. Thus, a 
periodic force is imparted to the hull and the propeller. 

The forces imparted directly to the hull are the surface 
forces. Those imparted to the propeller result in bearing 
forces. 
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The composition of the actual periodic force system 
described above is not definitely known but is seen to be 
a complex system. In order to permit an experimental 
analysis of the force system it is necessary to replace the 
actual system with a simplified force system which is con- 
sidered to be practically equivalent. In adopting such a 
system only the blade frequency vibrations are considered. 

In the pest investigations an equivalent system consisting 
of six components was adopted: vertical, transverse, end 
longitudinal forces and couples about the vertical, trans- 
verse, and longitudinal axes. From past work it has been 
seen that the predominant components are the vertical and 
horizontal forces and the couple about the longitudinal 
axis. It should be emphasized that these components of the 
adopted system are nominal, simple harmonic forces which 
are nearly equivalent to the actual total force system. 

Thus, it seems entirely feasible to reduce the entire pro- 
blem of propeller excited vibrations to individual in- 
vestigations of predominant equivalent force components 
acting on one of the known sources of vibration, i.e. 
bossing surface, hull surface, rudder surface, or bearings. 

B . PREVIOUS fcORK 

In the past four basic approaches have been used to 
determine information regarding propeller excited hull 
vibrations. The basic approaches are: (1) electrical analogy. 
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(2) full scale shipboard measurement s, (3) self pio- 
pelled model testing, and (4) propeller tunnel investi- 
gations. 

Professor F. f*«. Lewis has computed the pressure 
variations on an infinite plane wall, parallel to the 
propeller axis by an electrical analogy^^*. The 
analogy consisted of magnetic measurement of the field 
strength of en electrical model of a propeller in which 
current verying conductors replaced vortex filaments. 

From the basic data, pressure contours could be plotted 
and these in turn integrated to determine the magnitude 
of the total vibratory force. It is also possible by 
this method to deduce the total mean longitudinal com- 
ponent of the 'rcssure, which should correspond to the 
thrust deduction. This method provides the order o f 
magnitude of the forces only. The broad assumption re- 
quired for solution of the problem exclude the possibility 
of refined results. 

The literature available on ship vibration indi- 
cates that numerous shipboard vibratory measurements 
have been rr.ade^^ * . The purpose of many of 

these investigations has been to correlate data for 
verification of the design formulas used in the cal- 
culations of the natural frequency of the hull strusture. 
The shipboard vibratory investigations in which the ob- 

* Numbers in parentheses refer to References. 
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jective was to determine information regarding the source 
and magnitude of the excitation forces are fey.'. Measure- 
ments of the vertical excitation forces on the OLD COLONY 
MARINER were made in 1952 and on the GOPHER MARINER at a 
later date.^^ Obviously, some shipboard measurements 
are necessary to establish laws of similitude so th<*t 
model testing will be of significance, but full scale basic 
research is impractical. 

Professor Lewis conducted research an the propeller 
excited vibration problem by means of self -propel led models 
under the sponsorship of the Society of Naval Architects 
and Marine Engineers in the early 1930* A continuation 

of this work, again by the use of self-propelled models, has 
been conducted recently under the sponsorship of Panel H-b 
of the Society of Naval Architects and Marine Engineers 
Practically all of the information available on this sub- 
ject is a result of this research with the self-propelled 
models. The system employed consists of a hull balance 
system. An adjustable vibration generator end a vibration 
detector are mounted on the model. The magnitude and 
direction of the vibratory force applied to the model by 
the vibration generator is controllable. The procedure 
would be to run the model at the desired advance co- 
efficient, adjust the vibration generator to give s zero 
output from the vibration pick-up, and then interpret 
the vibration generator settings to calculate the vibratory 
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excitation force. The vibration detector (pick-up) can 
be adjusted to resoond to either vertical, transverse* 
or torsional motion. This approach to the problem has 
yielded good results but has many disadvantages from en 
operational standpoint. The employment of self-propelled 
models is expensive, cumbersome, and requires some tyne 
of shio model tank facilities. 

The basic approach to the problem which is the most 
convenient experimentally is that of s propeller tunnel 
investigation. Two methods have been employed in the pro- 
peller tunnel approach; (1) measurement of forces, (2) 
measurement of pressures. To the authors* knowledge there 
is no published information indicating that propeller 
tunnel investiga tions of propeller excited vibrations have 
been conducted at other then Massachusetts Institute of 
Technology. Five theses have been written concerning 
different phases of propeller excited vibrations sincc- 
1941 * Pinkerton and Arnold^^ and Reece and Lansdowne^ 
measured, directly, the vibratory force acting on a scale 
model of a ship*s bossing. The three remaining theses 

measured the pressure field in various locations near the 

( 7 ) 

rotating propeller. Ellis and Henderson' 1 measured the 
pressure distribution on a model bossing and integrated 
the pressure contours over the area of the bossing to find 
the total bossing surface force. Cinsmore and Hooper' ] 



- 8 - 



(•u-o ) '.l3«l«o 21* .V -rtl .SD’O} f IJlUlox* 

,. --L.V .f.-T-, ,io^tv T'dli* cJ .n »1 ol b«l«wlb #d 

iiri ’"--id’ • -11 -• ;3 . vn» « Id! ,no 2 J»* JUrrcio*? i», 

n* 4. . *r;»«*n’vK*«it' vn->i .r)h, *1 boco bsblsi, 

i«*iZ»cp s-«-VI * i 'c *n-jmY0l «• «*dT .iMinqbnila i< n -il .-iaqo 
* , r ’ l4Ci Vi« ,► -ai.^vo ,*vlm»qx* >2 3 ubo* 

.«®222Ii-»kl >n;l i^b. • qIM :o 

lee-* *d* 2 * *- l 1 l>T 1 *>dl 01 1 ik '-7 ;g Ol-tld 

2 • -!*ul T*IL»qv*x » \o l-rii * 1 Y* r I«ln»- •» tnjjp^v’ a 

* M • rt - 1 **Yo: •< • ««••.! •v*.-. ■ T ,r»ilipili v -i 

(■•) ii 1 ' •;*t>4*604 ( 2 ) *n - 7 * i«nn»'l ~t 1 1 

? ilOi'7'f « 4>y ,i* 7 u.i*) # »c 5r °»- 'll : •» > • 

1 # -*«cox l%ril • -Xltai^r.x n *..l • '-2 on «i 

®v*d » r ci:i:-i:v r.»I£«to:.* t 0 m - u ,.pil* svn • i*Mnyi 

\ ••uti-ru j«*.i otrtl i*«2c ? <• J^lDubrr: /*tod 

t?n ;o- . n*mi* o+«f *vid *vi t .Yyoion.t 3 «T 

** ' t# 2v o«nts>»» 1o • -%d-- Jn«i 9 l{b 

( n* %o»«\ -4 - Jn * .Uvi 

* " ' 1 3 * Yict Tliv -adl 4YI13*!!*, ( v®7V*»«M 

t% '* " . r . •>2*. ••7 *->-idl * .1 T .orti ; od •• ,1 \* % to iabfm 
• n * i*.n «n i-r :©2 *vc2i*v r.J olsl* s-t;* «di d* 7 W 24 <». 

• dl • *t 3. • bo. a|UJ 1* Ul^lo' 

n*l«iV>i i C-*»< r> n 2 « < od i«*o* « no r » T i;*tnr 

c * •' . J-- - -1 $»i; »-!} 19V', •‘X«rl»©3 OTU'-:'*!^ t;11 

^ * 0 H 'fl* .931*’ **t2TV# y i«*rcf i k 2 •• 2 A-tl 



-s - 



measured the pressure field on a flat surface directly 
above the propeller simulating the ship's hull. The 
pressure contours cculdbe integrated to find the hull 
surface forces. McClure and Mavor^^ used, what v-as 
essentially, a pressure orobo to measure pressure at 
various locations in an attempt to define the pressure 
field surrounding the propeller. All these methods in- 
volved tedious data reduction techniques, such as analyst 
of cathode ray oscilloscooe presentations, graphical 
harmonic analysis, end graphic.. 1 integration of pressure 
contours. As a result of these time consuming data re- 
duction methods the amount of useful information and 
systematic testing has actually been extremely srr.&ll. 

C. OBJECTIVE. 

The importance of reducing hull vibrations in «li 
types of vessels needs no emphasis. Before vibration 
free designs can be made it is necessary to understand 
the mechanism of propeller excitation and to understand 
this mechanism additional research is necessary. The 
current technical interest in this problem is evidenced 
and the feet that a research progress is nov* at 
the David Tsylor Model Basin under the general advice 
of Research Panel H-S of the Cociety of Naval Architects 
and Marine Engineers. 
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« From an examination of the scope of the problem 
and the results of previous investigations it becomes 
apparent that a complete understanding of the design 
parameters affecting propeller excitation end their 
relative importance is lacking,, By employment of s 
propeller tunnel it should be possible to investigate 
separately the various sources of excitation and their 
relationships to design or operational parameters. 

As discussed earlier sn equivalent force system con- 
sisting of nominal simple harmonic forces may be em- 
ployed and therefore each excitation source can be ex- 
amined for the simple harmonic forces constituting the 
equivalent system. For example, an investigation of the 
bossing surface forces could be confined to the force 
normal to the bossing. A model bossing has recently 
been designed end developed at the Marine Propeller 
Tunnel at the Massachusetts Institute of Technology 
for use In such an investigation. 

The objectives of this thesis ere: (1) to 
assemble a satisfactory detector system for measure- 
ment of the vibratory forces normal to the bossing, 

(2) to arrive at an acceptable method of system cali- 
bration, and (3) to investigate as many of the variables 
affecting the magnitude of the vibratory forces as time 
permi tted. 
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II. DESCRIPTION OF APPARATUS 



GENERAL 

The measurement of the vibratory force normal to 
the bossing was made by placing a cast aluminum hosting 
upstream of the propeller in the test section of the pro- 
peller tunnel. See Figures II, III, and IV, The hydro- 
dynarr.ically induced vibratory forces cause a rotational 
displacement of the bossing. This displacement is pro- 
portional to the magnitude and frequency of the excitation 
or vibratory force normal to the bossing. The motion of 
the bossing is transmitted through a hollow steel shaft to 
the horizontal arm and finally, by mean© of a vertical rod, 
to the moveable coil of the detector unit. See Figure III. 
The horizontal arm and bossing are clamped to the center 
portion of the hollow steel shaft which is clamped at its 
ends to the inside of the propeller tunnel. The dimensions 
of the hollow shaft are such that it responds only to the 
applied moment, resulting in an angular displacement or 
twist of the shaft with negligible bending. 

The relative motion of the moveable coil in the 
detector, with respect to the field of a fixed energized 
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Fig, II. Propeller and Bossing mounted in test 
section of tunnel. (Note hole in bossing at 0.7 
radius for attachment of wire from calibrator. 
One inch spacer is attached to bossing.) 




Fig. VI. Bossing, nose pieces, and spacer rings. 
(One inch spacer attached. ) 
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LOOKING JJPSThSAX FRO?'. OUTLET JNOZZLE 
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FIGURE IV 



PROPELLER TESTING TUNNEL AT M. I. T. 




Vertical Cross-Section Through Noizle 
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coil, results in the generation of a voltage proportional 
to the velocity of the moveable coil. If simple harmonic 
motion is assumed, this voltage is also proportional to 
the displacement of the bossing. The output of the de- 
tector, after amplification, is used to energize the 
moveable coil of an AC galvanometer. This instrument is 
essentially a wattmeter in which the magnetizing coil is 
energized by the output of a sine wave generator. The 
magnitude of the unknown force end its phase relationship 
to the propeller blade position is determined by comparison 
of the resultant galvanometer deflections with readings 
representing forces of known magnitude, Such known forces 
and deflections are plotted as calibration curves. 

A, PROPELLER TUNNEL 

The tests were made at the Massachusetts Institute 
of Technology, in the marine propeller tunnel, which is 
described in detail in^ ^ and illustrated in rig. IV. 

In general, it consists of a closed circuit of large 
diameter tubing, through which water is circulated by an 
impeller located in the bottom, horizontal leg. The upper 
leg includes a test chamber In which the propeller is run. 
Water enters the test chamber through a converging nozzle 
twenty inches in diameter at its outlet. The propeller 
is driven by a shaft entering the test chamber through the 
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receiving nozzle. Lpeed control of both the water velocity 
and the propeller is by the Ward-Leonard i-ystem. A single 
100-horsepower induction motor drives three generators, 
one for the impeller, one for the dynamometer, and one for 
excitation. A 75-horsepower motor drives the impeller and 
a 40-horsepower motor drives the dynamometer. 

Water velocity in the test section is measured by 
using the differential pressure in the inlet nozzle. This 
pressure differential is transmitted to a gage containing 
a heavy hydrocarbon which has been calibrated by pitot tube 
measurements. Propeller revolutions are determined by an 
electric clock counter mechanism and torque is measured by 
reading the angular twist in a calibrated shaft. Thrust 
measurements are determined by a weighted balance arm in 
30-pound increments while the differentials are converted 
into oil pressure and are read on a mercury column. 



B. PROPELLER 

The propeller used throughout the investigation 
was a twelve inch model of a 22-foot Trortst merchant 
type propeller designed for an ore carrier. It has the 
following characteristics: 



Material: 

Diameter: 

No. of Blades: 
Pitch Ratio (p/d): 
Mean Width Ratio: 
Blade Thickness 
Fraction: 



Cast Aluminum 
11.82 inches 
4 

0.957 

0.248 

0.05 
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C. BOSSING 



The bossing consists of an aluminum casting fitted 
with detachable wooden nose pieces for varying its length 
and shape. See Fig. VI. The cast aluminum portion has 
been machined and hand filed to the dimensions shown In 
Fig. V. 

As shown in Figs. V and VI the aluminum portion 
consists of three different shapes or sections: the hub 
section, airfoil section, and channel section. The hub 
or cylindrically shaped section houses a removable, 
spherically seated bearing d ©signed to support a propeller 
shaft extension if used. The bossing and bearing are so 
designed that it is possible to vary the clearance between 
the airfoil section of the bossing and the propeller while 
the bearing remains fixed in relation to the propeller 
shaft extension. This is accomplished by attaching 
cylindrical spacer rings to lengthen the hub portion of 
the bossing. Vfben the clearance is varied between the 
propeller end the bossing the spacers are inserted to 
maintain ® constant clearance between propeller hub and 
bossing hub whether the bearing is in use or not. The 
forward or leading edge of the hub is fitted with a re- 
movable, wooden fair-water or nose piece. Fig. VI shows 
the bossing, several spacer rings and the v.ooden nose 
pieces. 
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The airfoil or hydrofoil section extends from the 
hub to the channel section. The length of the airfoil 
section is such that with the bossing positioned in the 
test chamber of the propeller tunnel it extends radially 
beyond the water jet between the tv/o nozzles. The 
aluminum portion of the airfoil section takes the form 
of the U.S. Navy Standard Strut Section. The forebody, 
as nreviously mentioned, consists of wooden nose pieces 
of various lengths, which complete the streamlined shape 
of the airfoil section. For these investigations two 
such pieces were employed. The first, or long nose piece, 
represents the forebody of the Navy Standard Strut Section, 
giving the bossing an overall length of 9-3/8 inches. The 
second, or short nose piece, has a semi-circular cross- 
section of diameter equal to the thickness of the aluminum 
bossing et the forward edge. Thus it represents the mini- 
mum overall length possible with this aluminum afterbody. 

In subsequent discussions any reference made to the long 
bossing Is to be interpreted as referring to the aluminum 
casting with the long nose piece attached. Similarly, 
the short bossing is the aluminum section vdth the short 
nose piece in place. 

For th£ section of bossing outside the flow a 
modified channel shape is used to maintain maximum stiff- 
ness with minimum weight. At the upper end, provision is 
made for clamping the bossing to the hollow steel shaft. 

See Fig. V. 
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D. HORIZONTAL ARM 



The horizontal arm is mounted transversely near the 
top of the propeller tunnel as shown in Fig. III. It is 
clamped to the hollow steel shaft at approximately the 
center of the propeller tunnel hatch. The angular dis- 
placement of twist of the steel shaft causes a rotation 
of the horizontal arm and a resulting vertical displace- 
ment of the undamped end, where it is connected to the 
moveable coil of the detector. The linkage between the 
moveable coil of the detector and the horizontal arm is 
a 3/8-inch rod with a rigid coupling for easy disassembly. 

Th© arm is an aluminum casting, having an I-beam 
cross section to give maximum stiffness with minimum, 
weight. The casting has been machined to the dimensions 
shown in Fig. VII for clamping to the hollow steel shaft. 

E. MOUNTING 

Both the horizontal ora and the bossing were clamped 
to a hollow steel shaft having an inside diameter of 
2-1/4 inches, an outside diameter of 2-1/2 inches, and 
a length of 30 inches. Dimensioning of the steel 
shaft was such as to provide a large bending stiffness 
with suitable torsional stiffness for the magnitude 
of forces anticipated. The shaft was rigidly damped 
to the inside top of the propeller tunnel test section 
at two points each approximately thirteen inches 
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from the point where the horizontal arm was mounted. See 
tig. III. 

The shaft was clomped in two cast bronza mountings, 
machined to the dimensions shown in Fig. VIII. The bronze 
mountings ere bolted to the inside top of the propeller 
tunnel test section end so positioned that the hollow steel 
shaft is parallel to the propeller shaft. Once installed, 
the cast bronze mountings and the hollow steel shaft re- 
mained in the propeller tunnel throughout the investigation. 
The horizontal arm was permanently clamped to the hollow 
steel shaft in the desired location just below the pro- 
peller tunne-l hatch. Thus the horizontal arm, hollow 
steel shaft, and bronze mountings remained in position 
throughout the investigation. The bossing was shifted 
to various locations on the hollow steel shaft and removed 
from the test section whenever required and/or at the com- 
pletion of a day’s work. The detector and calibrator v-ere 
clamped to the propeller tunnel hatch coaming for easy 
removal and in the case of the calibrator, ease of re- 
location to the control panel. See Figs. XIV and XVI. 

The positions of the detector unit end the calibrator 
were carefully marked to facilitate exact relocation. 

In addition to the bossing system mounting as de- 
scribed above, the propeller mounting and the mounting 
for the frictionless bearing pulley should be mentioned. 
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3/8 * BOLTS 



Propeller counting refers to keying the propeller to the 
propeller shaft for the measurement runs. The important 
point is that the propeller rind propeller shaft were care- 
fully marked to insure correct angular mounting of the 
propeller. This was required for the method employed in 
determining phase angle relationships . See Appendix A. 

The frictionless bearing pulley was mounted in 
such a location as to insure normal attachment of the 
calibration wire to the bossing. See Fig. XV. A channel 
beam was bolted between the two nozzles of the test 
chamber. See Fig. IV. The pulley was then mounted on 
the channel in such a fashion that removal end reinstallation 
was easily accomplished when desired. 

F. DETECTOR SYSTEM 

The wiring diagram of the detector system is shown 
in Fig. IX. From the writing diagram it can be seen that 
the instrumentation consisted of five major components: 
detector, amplifier, galvanometer, sine wave generator, 
and cathode ray oscilloscope. 

The detector is described in detail in end 

illustrated in Fig. X. It consists of a fixed coil, (E), 
energized by a lead acid storage battery, and a moveable 
coil, (F), containing 8000 turns of No. 36 enameled 
copper wire. The moveable coil is positioned within the 
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Fig* XI* Instrumentation Arrangement 



detector cate by a pair of spring bronze flexures and 
is connected to the horizontal arm by a three-eighths 
inch rod an shown in Fig. III. The detector shown in 
Fig. X was modified to accommodate the three-eighths 
inch rod by replacing (J) with a cone-shaped piece and 
prilling a hole in the center of the esse top. Loergizing 
the f ixed coil forces flux in the sir gap between (a) and 
(C) . Motion of the moveable coil therefore generates a 
voltage proportional to its velocity end the flux linkages. 

Amolifi cation of the detector signal was accorapl iahed 
by means of « General Fsadio Co. voltage amplifier having 
the following characteristics: 

Serial No.: 102 

Model: 714A 

Constant Gain: 20-6000 c p*. 

Mid-Band Gain: 910 maximum with variable 

gain control. Gain control 
dial subdivided into 20 
divisions . 

The output of the amplifier was fed to the moveable 
coil of a galvanometer. This galvanometer was manufactured 
by the Rubicon Company of Philadelphia, Pa. In the years 
following its purchase, Professor F.M, Levds redesigned 
the galvanometer so that it is now best described as an 
si terns ting current galvanometer or a very sensitive 
wattmeter. The magnetizing coil of the galvanometer was 
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energize by a sine wave generator whose voltage output 
was a function of speed. Since the calibration runs 
were made at shaft speeds corresnonc'ing to those of 
re^-surement runs the only variable supplied to the gal- 
vanometer was the amplified detector signal. The 
galvanometer as modified actually performed as a watt- 
meter and read El co&3. A 110-6 volt transformer was used 
as a supply for the light source of the galvanometer . 

The sine v*eve generator employed was model No. F-16, 
manufactured by The Electric Indicator Co. of Stamford, 
Conn. It is rated at 1.3 volts per 100 rpm and has two 
outputs which are 90* out of phase. This permitted reed- 
ing El cos3, and El cos (3 ♦ 90°) or El sini with the 
galvanometer. El cos;3 was designated as the A reeding of 
the galvanometer end £Isln3 as the B reading. The angle 
was designated 3^ or 0^ corresponding to a calibration run 
or a measurement respectively. 

The wiring diagram indicates that the amplifier out- 
put was also fed to a cathode ray oscilloscope. The 
cathode ray oscilloscope was used to monitor the circuit. 

It could be switched to either the output of the sine wave 
generator or the amplifier. Turing the runs it was keot 
on the amplifier output and thus permitted e visual pre- 
sentation of the signal generated in the detector end 
served as a yarning system for malfunctioning of the ecuip- 
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merit or circuit. Figure XI shows the amplifier, gal- 
vanometer, cathode ray oscilloscope, end switch box 
as used during the investigation. The switch box merely 
orovided a convenient mounting for the various switches 
which were installed in the detector circuit for ease 
and flexibility of operation, 

G. CALIBRATOR 

Figure XII shows the principal dimensions of the 
calibrator and Figure XIV shows the calibrator in position 
for a calibration run. This mechanism was used to cali- 
brate the entire system so that the galvanometer reading 
could be related to the magnitude of the hydrodynamicelly 
induced vibratory forces. Basically, the calibration 
mechanism was designed to apply an excitation force of 
known magnitude and frequency to the bossing at e position 
assumed to correspond to the point of application of the 
actual vibratory force. 

The calibrator consists of a cam actuated lever 
arm which is driven at four times propeller speed by 
shafting geared to the dynamometer. Connected to the 
lever arm is a wire-spring combination which in turn is 
connected to the bossing. The wire is norms! to the 
bossing at a point whose distance from the propeller shaft 
axis is equal to 0.7 of the propeller radius. Longi- 
tudinally the point is located approximately two inches 
from the trailing edge of the bossing. Gee Fig. II. 



- 3o 



-Ist *;•» • • -»•;.*• 7 •* •*>. pi ..iiu-’tio *c 7- * •* 

V I 10 j w * V < ■ * 03 * . i . • • • • + » ', t |V> V 

Y '< • !•":•• • 7 ntij.vt:Jr >vni sdi-f • , 'iart<* '•••iji .-* 

■••(XTV *1} : «■ r>I fr,*> IrmVf^O • ►•'biVOJi 

?x?xot^p irooo*}* -> .Xx ni •!** 

. r i+ *»»io »c yllU - Jx**I> hr** 



ACT AH* I/O .0 

-<•< :i #f** i«.ci*"ATi mitl •*q(» IIY • «rif 

nol^ i • r* *1 i-y'-.U' ... ««».*a VI>. *xu<-n m< ». -ifci*-;!*:) 

fri • •» «*in>X9» iht .out r- -liaiflilfi * t*» 

- >« : •■-f'.Hvini •• # - 1 •rfi •■- * myttyt • il - *?** • u 

vl.' i *’ 1 .» •♦. ii v. jv.-j int^m »<•( + oi b*i6ls»*x *d ol^j 

*c if .tfdllj 3 *rii yt+f*ie Iv '"•3u*nl 

■ r - otol t r*. ylc< . rj b^npioo * s« ^ 
r. • .*• oi ypn* •'->•'21 bn* » viinoe • .vc«» 

• *'t •: r •l-o.* ' jo. *c - r.b • # O Pi *(,*•-.. 'rx *3 »i b« f -iy* 3 S 

-•atol yiftjiiv 1 iv I*uio. 

TV * t *»*J *-«**• •• • ■ % .» } TrtiSTdfUo «rTT 

Y* b **»-•»,• •» n'vltb 4 1 rf sit- nt 

c * 'Tio*n' >-• .T**-#.««ny* -*•} t • t »*p . nltf* # 

x nwt ni rs. -f* r.ox • o rji ’ ‘ **<9i t 6 »i mi v*v*l 

mrll t I Ultfsn 9\ <•!♦.-♦ iff! .<*n£«A'<4 9 17 • J 

i • • d« jt ••.-t ■* .■ • rtin.jiifc J- *> ji t>r)ttc4 

: -r • i i **•". 1*1 >: r ,0 r.t 1 • o * ** 11 # * x i 

• Monl •*: y i*i4-ixp-' r.-, b%i* ooi *i Mt «di Yll ri-.oi 
-IJ .?IA , .• nx» *wd »”J \ o nb« -• 



- 



CALIBRATOR 




-3 i- 



Rotation of the cam shaft causes a sinusoidal dis- 
placement of the lever 6rm and consequently a sinusoidally 
varying elongation of the wire-spring combination. An 
excitation force equal in magnitude to the spring constant 
of the wire-spring combination tiroes its elongation is 
thus applied to the bossing. The cam has a total throw 
of one-quarter inch causing a displacement of 3/32 inches 
at the point of vdre attachment to the lever arm. 

To minimize flexural and torsional vibration of the 
cam shaft, t flywheel was attached to the shaft and a 
second cam we s installed adjacent to first but 180 3 out 
of ohase. Each cam actuated two lever arms, held in con- 
tact with the cam by springs. Only one of the four arms 
was connected to the wire running to the bossing, fee 
Figs. XII, XIII, end XIV. It was found during the early 
calibration runs that tho effect of the three extra lever 
arms was negligible in reducing torsional vibration, end 
they wore therefore removed* This exolains the additional 
cam shown in the illustrations. 

Figure XIV Is a photograph of the calibrator in 
position on the propeller tunnel hatch coaming for a 
calibration run. The various springs shown were attached 
directly to the lever arm by means of a tension regulating 
spindle. The wire then led from the spring to the point 
of attachment on the bossing. See Fig. XV. The wire used 
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Fig, XIV. Propeller tunnel hatch showing detector 
mounting and calibrator in position for a calibration 
run. Note calibrating springs in foreground. 




Fig. XIX. Tuning Fork. 
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- 35 - 



v.'ss 0.010 in. diameter piano wire. It was directed 
normal to the bossing surface by using a pulley with 
frictionless bearings positioned as shown in Fig. XV. 

Care was taken to insure that the wire had no kinks 
in order to maintain as nearly as possible a linear 
wire-spring combination. 

As seen in the illustrations of the calibrator, 
the sine wave generator was mounted on the seme base 
as the cam shaft and geared directly to the cam shaft. 

The only purpose in using a geared drive was to avoid 
alignment problem between the cam shaft and the sine 
wave generator shaft. The flywheel, in addition to re- 
ducing torsional vibrations, provided a suitable location 
for the mounting of an indicator card used in phase angle 
determinations. The hair line and indicator card were 
adjusted so that o • 0° reading on the card represented 
the high point of the actuating cam. This relationship 
is discussed in the Appendix. However, it shoulo be 
mentioned here that the calibrator was designed in the 
above manner to provide flexibility of the system in 
physical positioning. As a packaged unit it was easily 
moved to a new location above the tunnel control panel 
during the actual measurement runs without disturbing 
the angular relationships between the sine wave gen- 
erator phases, indicator card, and cam. 
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As originally designed the calibrator unit, when 
in position for e calibration run, was driven by a long 
flexible cable geared to the dynamometer shaft, Lx- 
cessive torsional vibration made it necessary to use a 
solid shaft with short flexible caoies et each end, tee 
Fig. XIV. The gearing v.as four to one at the driven end 
so that the long shaft end cam shaft (calibrator) 
rotated at four times propeller shaft speed, hhen the 
calibrator was relocated above the control panel for 
measurement runs one of the short flexible cables was 
used to drive the calibrator from the same gears on the 
dynamometer shaft. Figure XVI shows the calibrator unit 
in position above the control panel for a measurement run. 

H. PHAGE SYSTEM. 

Determination of the phase relationship between the 
time of occurrence of the measured force and the propeller 
blade position with respect to the trailing edge of the 
bossing is described in detail in the Appendix. The pro- 
cedure consisted of determining three angles. Two of 
these angles were calculated directly from, the galvanometer 
readings j one from the calibration runs and one from the 
measurement runs. The third' angle was read directly on 
the calibrator indicator card during the measurement 
runs. 
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Fig. XVI. Calibrator and Strobe light in Fig. XVII. Telescope mounted in test 

position for a measurement run. section window. 



Essentially, then, the phase system consisted of 
the galvanometer, the indicator card on the flywheel of 
the c alibra tor, the phaser for timing of the strobe 
lights and a telescope. The telescope was mounted in 
a side window of the propeller tunnel as shown in 
Fig. XVII and used to correctly tine firing of the strobe 
lights. One strobe light was mounted at a window in the 
test section and the other on the control panel for read- 
ing the indicator card. Both lights fired simultaneously. 

I. TUNNEL SPEED CONTROL 

For all constant speed runs, the propeller shaft 
was operated at a speed corresponding to & frequency 
close to the natural frequency of the bos&ing system. 
Increased sensitivity in force detection together with 
satisfactory phase angle determination was attained by 
operating the system just off the resonant peak. Such 
a frequency required that the control of the propeller 
shaft speed be extremely accurate. The principle 
of the tenner speed controller was utilized. 

The speed control circuit is discussed in detail 
Basically, speed control was obtained within 
very narrow limits by means of an adjustable frequency 
tuning fork, acting in the motor field circuit as shown 
in Fig. XVIII. The tuning fork, actually consists of 
& pair of tuning forks of different lengths and con- 
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TUNNEL SPEED CONTROL CIRCUIT 



FIGURE XVIII 
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seouently of different frequencies, counted one over the 
other. The pair of forks were designed so that the 
relative position of the two could be varied by a screw 
adjustment. Clips near the ends constrain the forks- to 
vibrate together. Rough frequency adjustment is attained 
by attaching weight sets to the fork tips. Finer adjust- 
ment is achieved by varying the adjustment screw. 

A two-part commutator is geared to the dynamometer 
shaft. The commutator is constructed so that the circuit 
is closed for half a revolution and open for half a 
revolution. In series with the commutator is the tuning 
fork make-and-break contact maker which is adjusted so 
that it is closed for half a vibration and open for the 
other half. If the tuning fork and commutator are running 
in step the second field rheostat will be short circuited 
for a portion of each revolution. The field current will 
attain a certain value d ependent upon the phase relation 
of the tuning fork end commutator. If the load or voltage 
changes the commutator speed, and therefore the phase 
relationship, the field current will then very to return 
it to the desired value. A galvanometer in the circuit, 
mounted on the control panel, provides visual indication 
of synchronism of the commutator and tuning fork. 
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III. PROCEDURE 



Once the instrumentation and method of calibration 
were considered to be operationally acceptable, the pro- 
cedure consisted of three basic steps which were repeated 
for each condition investigated. These were: (1) cali- 
bration, (2) measurement and (3) force and phase angle 
determination. Before the investigation could proceed, 
however, it was necessary to investigate the effects of 
certain variables, correct design defects, and obtain 
reproducible data. Since this initial procedure is con- 
fined to only the b eginning of the investigation it will 
be omitted here and discussed instead in the Appendix. 

Calibration consisted of applying a force of known 
magnitude and frequency to the bossing and recoiding the 
response of the system as galvanometer deflections. 

This was accomplished by using the calibrator described 
in Section II and a variety of wire-spring combinations. 
The wire from the calibrator was attached to the bossing 
at a position which was assumed to be the point of appli- 
cation of the hydrodynamically induced vibratory force. 

A variety of springs was used with the calibrator cover- 
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ing a range of forces from approximately 0,25 lbs. to 
1.10 lbs. Enough wire-spring combinations were used 
to clearly define calibration curves of resultant gal- 
vanometer deflections vs. force. 

Once the desired spring was attached between the 
calibrator lever arm end the wire to the bossing, it 
was necessary to set the initial tension and determine 
the magnitude of the force v/hich would be applied to 
the bossing. The initial tension was set by placing 
the desired weight on the weight pan and then adjusting 
the length of the wire-spring combination (the elongation 
of the spring) until the lever arm Just lifted from the 
low point of the cam. See Figs. XVI and XX. The magni- 
tude of the force applied to the bossing through the 
wire-spring combination was measured by adding weights 
to the weight pan until the lever arm just lifted off 
the high point of the cam. The weight pan was then 
disconnected from the lever arm end the tunnel run at 
the required speed. If the calibration was to be at a 
constant propeller speed, the tuning fork speed control 
circuit w*6 used. For variable speed runs the tuning 
fork was disconnected. This procedure was repeated for 
a number of wire-spring combinations, the number used 
being determined by the number required to define a 
calibration curve. The end result of a calibration run 
was a plot of resultant galvanometer deflection read- 
ings against force. 
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TO BOSSING 
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The response of the entire system was a function 
of the magnitude end frequency of the applied force and 
the natural frequency of the bossing. The natural .fre- 
quency of the bossing system varied with clearance be- 
tween the propeller and bossing, and the length of the 
no&e piece used. Therefore, the calibration runs had 
to be mads under the same conditions as the measurement 
runs* 

For the measurement runs the wire of the wire- 
spring combination was removed from the bossing, the 
propeller installed, end the c alihra tor relocated on 
the tunnel control panel. See Fig, XVI. for the major 
portion of the investigation the propeller speed was 
held constant by the tuning fork speed control circuit 
and the water velocity changed to give the desired 
thrust variations. The remainder of the data was taken 
vdth either constant water velocity anc variable RPM, 
or constant thrust end variable combinations of pro- 
peller RPM and water velocity. 

In addition to recording the galvanometer de- 
flection readings, as in the calibration runs, it was 
necessary to record propeller speed, thrust, water 
velocity, and the angle a, as read on the indicator 
card of the calibrator. The method of neasuring pro- 
peller speed, thrust and water velocity is described 
in Section II. 
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The angle a is- defined as the phase angle between 
the tire the generating line of an arbitrarily selected 
propeller blade coincides with the trailing edge of the 
bossing, end the time the calibrator cam causes the 
maximum positive force to be applied to the bossing during 
calibration. The propeller shaft was marked so that the 
generating line of the chosen blade coincided with the 
trailing edge of the bossing when the cross hairs of the 
telescope were aligned with the mark, be© Fig. XVII. 
During the measurement runs the timing of the strobe 
lights was adjusted until the scribe mark on the pro- 
peller shaft coincided with the telescope cross heirs. 

The angle a was then read on the calibrator indicator 
card. 

Once both the calibration and measurement runs had 
been completed for a desired condition of investigation, 
the magnitude of the hydrodynemictlly induced force could 
be determined together with its phase relationship to the 
propeller blade position. From the galvanometer readings 
recorded during the calibration runs, resultant galvano- 
meter readings and the ®ngle3^ were computed: 



The resultant readings v^ere plotted against the forces 




3^ « tan 
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which produced then to give a curve of force vs. resultant 
galvanometer readings for the particular set of conditions 
employed. 

The resultant galvanometer readings and the angle 8^ 
for the measurement runs were computed in a similar manner. 
The calibration curve was then entered with resuLtant read- 
ings and the magnitude of the forces determined* The phase 
relationship between the time of occurrence of the measured 
vibratory force and the time the propeller blade generating 
line coincided with the trailing edge of the bossing was 
then calculated. This relationship is represented by the 
angle y, which is defined as the phase angle between the 
time the generating line of' the arbitrarily selected pro- 
peller blade coincides with the trailing edge of the boss- 
ing and the occurrence of the measured hydrodynamics lly 
induced force normal to the bossing. The relationship for 
determination of y is: 

4y k 3 p ~ ( s i + a ) 

where the following convention was adopted for 3^ and 
quadrant determination: 



A reading 

+ 






B reading 



4 * 



Anqle 

0 - 90 * 
90 - 183 * 
180 - 270 ° 
270 - 360 ° 
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A detailed description of the methods of force 



determination, 
of calculation 



phase angle determination, and the method 
ie given in the Appendix* 
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IV. RESULTS 

The- results of this investigation are best pre- 
sented in graphical and tabular fora. Figures XXI end 
XXII illustrate the variation of the vibratory force 
with thrust and clearance. Clearance values used refer 
to the clearance b etween the propeller leading edge and 
the bossing trailing edge at 0.7 radius. Since the pro- 
peller blade is slightly raked (8*), actual clearance 
varies from one-quarter inch at 0.2 radius to one and 
one-half inches et the- blade tip. In examining these 
figures it should be remembered that the variation in 
thrust was obtained by a variation in water velocity 
at a constant propeller speed. It should also be point- 
ed out that the normal operating poin t o f the propeller 
used would correspond to a thrust of approximately 21 lbs. 

Figure XXIII shows the variation in vibratory 
force with clearance for a thrust of 21 lbs. This 
figure clearly illustrates the affect of bossing length 
as well as clearance on the magnitude of the induced 
vibratory forces. Figure XXIV is the same information 
as Figure XXIII plotted on seni-log coordinates. It 
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should be emphasized here that Fig*. XXII and XXIII 
ere for one particular set of conditions. For example, 
these figures ere for a thrust of 21 lbs. and a pro- 
peller speed cf 54& HPM. 

Figure XXV is another plot showing the variation 
of force with thrust for a particular value of clearance. 
However, in this figure water velocity was held constant 
and the propeller speed varied to obtain the desired 
thrust values. The upner curve was taken directly from 
Fig. XXI for purposes of comparison . 

Figure XXVI is plotted using values obtained from 
Fig. XXV and illustrates the variation of force with 
water velocity. 

The phase angle relationships resulting from the 
investigation are summarized in Tables XXXIII and XXXIV. 
The values of the phase angles for each measurement run 
are included on the measurement tables which appear in 
the Appendix. These tables show the maximum variation 
in the phase angle for the thrust range used at each 
value of the clearance. In addition, the value of the 
angle is given f or a thrust of 21 lbs, which, as pre- 
viously mentioned, corresponds to the average operating 
point of the propeller. 

Table XXXV is e summary of the magnitude of the 
vibratory force and its phase angle relationships. The 
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force value has been reduced to £ percentage of the thrust 
at the operating point. 

The generally accepted law of similitude for bossing 
forces states that for equal values of the advance co- 
efficient, J, the forces vary as tho ratio of the propeller 

Nrj <■< 

speed squared. '* Table XXXVI is an 

illustration of the values computed by this law as com- 
pared to the measured values. The table also gives the 
values computed by the seme basic relationship but using 
a power of 2.75 rather than 2.00. 



- 5 /- 



* •+ *• * » • I ®ui»V »_>-r.+ 

,• 3 'J 3 « 

On J < . i u^ii' i. «t •/» 1 -4rfl 

-• * v># ■ \3 1 o • «u iv ilu. i 3 :?J 1*3.3 

* i • •‘■it ■ r. \i«v hj: i-<1 t L t In *i I® 

r: . i‘- .% »/cU* .( t l~O r : * i) .Hniu.-i •>*#,-,* 

I * ^ 

-«•; *' *» *> a *- j vi ' u r-.'i «*u i^v •■'•1 i< n 

•f'J i vi- ® . %. i r „d<ul*v Jil'3 U i>\ *r 

l> n •. 3 >/ i/il i?- jit .d • irt> yJ oiiu«i«/o ijui«.v 

»GO«t. T*i'ilT ft*.* a v.*t * 



- - 




- 










I 







1.0 1.5 2.0 
Cleat'anc^ ( r inches } 



Force ( lbs 







TABLE XXXI I I 



iumnary of Phase Anole v 
for Short Bossing 



C 1 (r ci T— 

ance 


Clear-* 
ance 
Prop. 
Di am . 


Y mln 

<-) 


v 

T max 

<-) 


ay 


Y T»<:1 lbs 
(-) 


, y T= 21 lbs, 
<+> 


inches 




deg 


deg 


deg 


deg 


deg 


1 


0.085 


31.0 


37.6 


6,6 


35.0 


10. 0 


1.50 


0.127 


29.9 


33.1 


3*2 


30*8 


14.2 


1.75 


0.148 


30.3 


34*3 


4*0 


31.1 


13.9 


2.00 


0.169 


not 


computed 






2.25 


0.190 


31.5 


34*4 


2.9 


32.5 


12.5 


2.50 


0,211 


32.5 


37.3 


4.8 


34.8 


10.2 


2,75 


0.232 


33*5 


37.6 


4.1 


35.4 


9.6 


3.00 


0.250 


30.8 


35.6 


4* 8 


32.0 


13.0 



Av. ay « 4»34® 



N ! OTEs y, generally corresponds to high thrust values. 

Y Generally corresoonds to low thrust values* 
max 

AY max is maximum variation. 

By Definition +y is the phase angle by which 
the force leads the propeller blade. 
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TABLE XXX IV 



Summary of Phase Angle y 
for Long Hosting 



Clear- 

ance 


Clear- 

ance 

Prop. 

Tiam. 


Y min. 

(♦) 


V 

* max. 
(♦) 


AY 


Y T^21 lbs 
(♦> 


inches 




deg 


deg 


deg 


deg 
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0.035 
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25.1 


1.25 


0.106 
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0.127 
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o 

o 
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0.169 
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2 4.5 
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0.190 
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0.211 
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1*6 
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0.232 
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25.0 
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0.250 


22.2 
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25.2 
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NOTES ^rrin 9 ener * u y corresponds to high thruet values 

Y qenerallv corresponds to low thrust values,, 
'mex ' 

&Y - is maximum variation » 

HliSX 



By Definition +y is the phase angle by which 
the force leads the propeller blade,, 
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TABLE XXXV 



Summary of Force and Phase Angle 

Thrust * 21 lbs. 



NPM * 548 



Clear- 
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SHORT 


BOSSING 
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LONG BOSSING 
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***** 
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0.085 
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0.106 
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9.68 


25.9 


1 . 50 


0.127 


0.91 


4.33 


14*2 


1.58 


7.52 


26.0 


1.75 


0.148 


0.71 


3.48 


13.9 


1.42 


6.77 


23.8 


4.00 


0.169 


0.66 


3.14 




1.16 


5.53 


24.5 


2.25 


0,190 


O. 4 S 


2 0 38 


12.5 


0 a 84 


4.00 


24.0 


2.50 


0.211 


0.38 


1.81 


10.2 


0.58 


2.76 


23.0 


2.75 


0.232 


0.31 


1.48 


9.6 


0.52 


2 . 48 


25.0 


3.00 


0.250 


0.21 


1.00 


13.0 


0.40 


1.91 


25.2 



NOTE* By Definition 4 Y is the angle by which the force 

leads the propeller blade* 
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TABLE XXXVI 



Comparison of .V-easurec Values frith L n v»; 
of ^irllltucie 



J 


Thrust 


Force 

meas- 

ured 


N (N./fix ) 2 


Force 
comput- 
ed by 
square 
law 


Force 
comput- 
ed by 

' > rfli * 7 .r 

(N./Ni)^* ° lew 


v/nd 


lbs. 


lbs. 


ft PM 




lbs. 




lbs. 


0.58 


28.9 


0.655 


530 


1.49 


O .56 


1.73 


0.657 


0.58 


18.7 


0.38 


434 










0.62 


22.3 


0*521 


496 


1.49 


O .46 


1.727 


Q 


0.62 


15.2 


0.31 


407 










0.65 


27.8 


0.680 


547 


2.00 


0.510 


* . 60 


0,662 


0.65 


18.5 


O 

'O 

• 

o 


473 


1.49 


0.382 


1.73 


Ol 

0 

4>- 

M 


0.65 


13.2 


0.255 


387 










0.70 


25.0 


0.670 


568 


1.66 


0.590 


2.015 


0.720 


0.70 


19.9 


0.550 


506 


1.32 


6.470 


1.47 


P 


0.70 


13.5 


0.355 


440 










0.77 


15.2 


G»4?P 


516 


1 . 66 


0.440 


2.015 


P.,.514 


0.77 


11.8 


o.?e? 


462 


1.25 


6.330 


3.366 


0.362 


0.77 


9.4 


0.265 


400 










0.85 


7.2 


0,145. 


468 


1.25 


0.3,0) 


1.366 


0^68 


0.85 


6.4 


0.270 


418 
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V. DISCUSSION OF RESULTS 



The factual statement of the results of this in- 
vestigation has been presented in the preceding section. 

The purpose of this section is to discuss these results 
in order thet they may be correctly interpreted and pro- 
perly evaluated® 

It has not been the purpose of this tnesis to 
develop a new theory or to disprove existing theories, 
but rather to cast additional light on the mechanise of 
propeller excited vibratory forces. In an attempt to 
increase the existing factual knowledge of the phenomena, 
the influence of various parameters on the magnitude and 
phase angle of the vibratory force have been studied. In 
order that the results of these studies may be a signi- 
ficant contribution it becomes necessary to indicate their 
validity by an examination of the techniques employed in 
their determination. It is also imperative to re-emphasise 
some of the more subtle points which nay be overlooked in 
analysis of the factual results® 

The best method of insuring accurate interpretation 
of the measurement data was by comparison with calibration 
data corresponding in magnitude to the measurements. In 
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determining the variation of vibratory force with throat, 
it was impossible to use this method for all measurement 
runs, particularly in the analysis of data taken with the 
long bossing (long nose piece), (rig. XXII). Forces ob- 
tained using the short nose piece, with the exception of 
1* clearance data, were taken directly from either directly 
plotted or interpolated (I, 75" and 2.5”) calibration curves. 
(Figs. XXXV and XXI). The method employee for a clearance 
of 1*0 inch is considered valid although is recognized to 
be not as direct es having a calibration covering the ranges 
of measured force. For clearsnces of 1*75 snd *.'.50 inches 
the interpolation between existing calibration curves was 
linear. As shown in Fig. XXIV these two points ere slightly 
off the straight line representing the variation of force 
with clearance. Closer correspondence of the data would 
have been obtained had a logrithmic interpolation been 
made between existing calibration curves. The ideal 
solution, of course, would have been the preparation of 
s separate calibration curve for each individual spacer 
arrangement. The overall error resulting from such 
calibration interpolation, however, is seen to be small, 
snd therefore the procedure is considered justifiable. 

Of the total of nine clearance runs made with the 
long nose piece, only four (24 5, -3 n ) were possible to 
analyze directly from calibration curves. 
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Time did not permit a data reduction technique similar 
to that employed for a clearance of 1 inch *dth the 
short bossing. For the determine tion of forces measured 
which were outside the range of the calibration data, it 
was necessary to assume that the calibre lion curves were 
Straight lines,. This assumption permitted force deter- 
mination for any galvanometer deflection by mere appli- 
cation of the calibration curve slope. 

In addition, data for clearances of 1,25, 1.75, 

2.25, and 2.75 inches for the long bossing were reduced 
by logrithraic interpolation between existing calibration 
curves. It should be noted that the calibration curves, 
as drawn, do not always intersect at the origin. 

(Figs. XLII and XLIII) . The initial procedure and pre- 
liminary calibrations indicated that the galvanometer 
scale was not linear and, therefore, the calibration 
curves of resultant galvanometer readings vs, force 
possessed slight curvature. This was demonstrated in 
the short bossing calibration curves. 

This discussion should emphasize that certain 
errors ®ere accepted in the reduction ot the data for 
the long bossing which were not present in the short 
bossing analysis. If it is assumed thet the values of 
the force determined for clearances of 2.5 n and 3.0* 
are correct, since they were derived directly from cel- 
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ibration curves, the slope of the long bossing curve in 
Fig. XXIV could be reduced to ® value corresponding to 
that of the short bossing. This would Indicate that the 
values at smaller clearances ss plotted, are high. If 
the calibration curves were of e shape similar to those 
of the short bossing these values would be smaller, and 
better agreement would exist between the slopes of the 
two curves. Despite these small discrepancies, the 
qualitative results indicate conclusively that for the 
longer bossing the magnitude of the force is at least 1.5 
times as great as that for the corresponding conditions 
with the short bossing. 

The curves of vibratory forces vs. clearance could 
b© more clearly defined by measurement at clearances of 
less than 1 inch. The propeller selected for this in- 
vestigation was designed with 8° rake so that a clearance 
of one inch at the 0,7 radius was the minimum value ob- 
tainable. 

During the initial procedure end the exploratory 
runs it was discovered that lateral vibration of the 
wire-spring combination introduced a small error in the 
magnitude of the calibration force. The initial tension 
of the wire was increased to reduce this vibration, and 
several forms of dampers were used. These proved to be 
unsatisfactory, however, and were removed. Thus & small 
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but constant error existed for all data runs due to the 
lateral vibration of the wire-spring combination. The 
magnitude of this error is considered negligible for 
forces exceeding 0.4 lbs,, but ray be* of so re significance 
at lower values of force which correspond to the greater 
clearances. 

Preliminary runs to determine the influence of 
certain parameters on the proposed calibration method 
revealed that seif-excitation of the bossing system by 
the water was possible. The magnitude of the vibration 
varied directly with the water velocity while the fre- 
quency remained constant at the natural frequency of the 
bossing system. To increase the sensitivity of the de- 
tector system the investigation was c nducted, for the 
most pert, near the resonant peak. Thus the operating 
frequency corresponded closely to that of the natural 
frequency of tho system and, therefore, the frequency of 
self-excitation. When compared with the vibratory forces, 
the influence of this phenomenon was found to be small at 
the water velocities anticipated. However small, it it 
possible that some slight error could have been Introduced, 
particularly at low thrust values for the grerter clearance 
runs. 

Operation of the bossing system near the resonant 
peak made propeller speed control extremely critical* 
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Errors of 2 and 3 BPM in propeller speed caused relatively 
large errors in the magnitude of the measured force. To 
insure that such errors were koot to a minimum, constant 
attention had to be directed toward speed control. The 
magnitude of the errors introduced is felt, for the most 
part, to be negligible. However, this was only possible 
through constant adjustment of the speed control system. 

It is felt that the quantity of data taken could have 
been roughly doubled had speed control not been such a 
problem, cither by having a more positive means of speed 
control available or by operating the system further from 
the resonant -frequency. 

Figure XXV illustrates the results of an investi- 
gation to determine the influence of water v elect ty on 
the vibratory force and to confirm the existing laws „of 
similitude. For a constant value of thrust, the data 
clearly demonstrates the increase in the induced vibratory 
force with an increase in the water velocity past the 
bossing. 

Correlation of this data was impossible with the 

^0 • on 

existing laws of similitude, i.e. ' • 

As demonstrated in Table XXXVI, however, if the exponent 
of 2.00 is increased to 2.75* the results are in better 
agreement. It is suspected that the amplifier in the 
circuit was operating at or slightly below the linear 
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range of frequency vs, gain for these dots runs, ftith 
s decrease in P.PM the curves would drop off nore sharoly 
than they should. Thus the possibility exists that the 
effect represented here is somewhat exaggerated. The 
overall discrepancy is felt to be small, however, and 
qualitatively the data is valid. 

Tables XXXIII and XXXIV are a summary of the phase 
angle relationships for the vibratory force. In -cal- 
culating the values of the phase angle it was necessary 
to use measurements at a particular gain setting since 
it was found that, the angle 0^ varied with gain. This 
y/as thought to be the results of operating the amplifier 
in the non-linear fre uency range. The phase- angle? 

A. 

also varied in magnitude throughout a calibration run, 
but to a much lesser extent. Since a constant value of 
is essential for the evaluation of the ohsse angle y, 
the average value of 3, for each calibration run was used. 
For phase angle d etermin&tion where the calibration curves 
had been derived by interpolation it was necessary to in- 
terpolate between the 5^ values also. It is felt that the 
phase angle relationships are of the correct order of 
magnitude but are subject to small errors which were in- 
troduced by the calculation procedure employed* 
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VI . CONCLUSIONS 



1. The induced vibretory force normal to the bossing 
is a function of the following variables: 

(s) Propeller thrust. 

(b) Water velocity. 

(c) Clearance between pro- 

peller blade and bossing. 

(d) Length of bossing, 

2. For a constant value of propeller sperd the vibretory 
force as a function of clearance may be represented by the 
following relationship: 



F 2 - F X 6 



-li(C 2 -Cj) 



where, F^ and are the vibratory forces 

u is the slope of the semi-log plot 
of force vs. clearance, and 



C, and C.. are the clearances in 
inches at 0.7 radius. 



3. The law of similitude for vibratory forces normal 
to the bossing corresponds more closely to the following 
relationship: 
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for J,.. = J, 

tC 1 



F„ 

* 



n~ a. 75 



where F, and F,, ere the forces and N, and N.. 

id 1 d 

ere the corresponding propeller speeds. 

4. For design purposes a clearance equal to 1/3 the 
propeller diameter is recommended to rinimize vibratory 
forces. 

5. The phese angle, y, defined as the angle between 
the time the generating line of an arbitrarily selected 
propeller blade coincides with the trailing edge of the 
bossing, end the occurrence of the measured hydro- 
dynamically induced force normal to the bossing, is: 

(a) Independent of the clearance 

between propeller and bossing, 
and 

(b) A function of the bossing length 

and propeller thrust. 
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VI I . RECOMMENDATIONS 



A. Redesign of Aoo&tatus and Changes 
to Instrumentation : 

1. Design a new calibrator capable of applying 

e force of at least 5 lbs. to the bossing and operating 
at much higher speeds. 

2. Design a chain or geared drive for the in- 
creased capacity calibrator tc eliminate torsional 
vibrations at higher loadings. The drive end of the 
system should be at the tunnel end of the dynamometer 
shaft. The new calibrator may still use a short flexible 
cable drive in the measurement run position. 

3. Design a damper to eliminate lateral vibration 
of the spring-wire combination used for calibrating the 
system. In reducing lateral vibrations this damper should 
not be permitted to interfere with application of the cal- 
ibrator force to the bossing. 

4. Obtain a oropeller with no rake in order to re- 
duce minimum propeller clearances. 

/ 

5. Obtain a voltage amplifier which is linear down 
to 10 cps; i.e. gain is independent of frequency down to 
10 cps. 
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6. rpvi.se & system which insures positive pro- 
peller tunnel speed control to within RPM with little 

or no manual adjustment necessary. This may he accomplished 
by modification to the tuning fork circuit described herein. 

7. Obtain an alternating current galvanometer or 
similar measuring instrument with a linear reading scale. 

8. Rewind moveable coil of detector unit to give 
a larger number of turns. This will permit greater 
sensitivity and allow operation away from the resonant 
peak. 



B. For Future Investigations ; 

1. Confirm assumption that vibratory force is 
applied at £ distance from the propeller shaft corres- 
ponding to the 0.7 radius of the propeller. The possi- 
bility exists of accomplishing this by the use of strein 
gages. 

2. Investigate the presently accepted law of 
similitude to confirm the results of this investigation. 

3. Investigate more thoroughly the effects of 
bossing length on the induced force by running at least 
two additional series, each with different nose pieces. 

4. Investigate more thoroughly the influence of 
water velocity on the induced vibratory forces. 
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5. Confirm the phase angle arelationshio established 
in this thesis by additional investigation. 

6. Investigate the influence of wake distribution 
on the magnitude and phase angle of the induced vibratory 
forces, 

7. An alternate solution to the problem of designing 
a larger capacity calibrator and chain drive would be to 
use a smaller diameter propeller. 

8. Utilize the bossing bearing installed in the 
hub to investigate bearing forces of blade frequency in- 
duced using similar parameters as in this thesis. 
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APPENDIX A 



Detailed Procedure 



I. Determination of cn acceptable calibration 
and measurement procedure . 

After the bossing system and the instrumentation 
were assembled and before the calibration and measurement 
runs could be commenced, many small, time-consuming pro- 
blems had to be solved. The solution to these problems 
influenced the procedure finally adopted and therefor© 
constitute a part of the initial procedure. The initial 
procedure may be subdivided into three groups of problems 
or investigations? (1) those concerning instrumentation, 

(£) those concerning the mechanical asoects of the bossing 
system as employed and (3) the effects of certain variables. 

The instrumentation problems were actually simple 
in nature but are included for future reference. The am- 
plifier characteristics were unknown at the start of the 
investigation. The major characteristics of the amplifier 
which were considered to be Important were frequency re- 
sponse, linearity end amplification. These were determined 
by various technicues in the Ce Forrest Experimental Stress 
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Analysis Laboratory. A plot was made on cemi-log paper 
of gain vs. gain dial setting with gain ss the log co- 
ordinate. The plot was e straight line between settings 
of 6 to il inclusive, increased suddenly at settings 
of 5-1/2 and 11-1/2, and was curved above 12 and below 5. 

In order to utilize the relationship between gain and 
gain dial settings it was necessary to restrict the 
settings used between the values of 6 end 11. A plot 
»as made of gain vs, frequency for various gain dial 
settings in order to determine the linear range of fre- 
quency response. A constant gain was obtained from 
approximately 20 cps to 6000 cps. Since 20 cps corres- 
ponds to a propeller speed of 300 RPM, if a four-bladed 
propeller is used, 300 RPM was considered to be the lowest 
possible shaft speed. Actually, it -as found later in the 
investigation that with the amplifier in the detector 
circuit (Fig. IX) the lineer range did not extend much 
below 35 cps. Thus the amplifier characteristics as 
originally determined restricted the flexibility of the 
measurement system to propeller speeds greater then 300 RPM, 
end gain dial settings of 6 to 11 inclusive. 

Despite the fact thft the linear range as originally 
measured was found to extend to as low as 20 cps, trouble 
was experienced with the phase angle relationships. It 
was found that the phase shift within the amplifier varied 
with gain. This probably was a result of operating at a 
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frequency which was in the non-linear range of the sni- 
plifier. This condition was recognized early in the in- 
vestige tion . To correct it an amplifier of a lower 
frequency range was required. Such an amplifier was not 
available so the angles 3^ and ,3^ became functions of the 
gain dial setting. 

Being restricted to gain dial settings of 6 to 11 
inclusive, it was necessary to decrease the magnitude of 
the galvanometer inputs by acme other method when necessary 
to get on-scale readings. To accomplish this a resistance 
decade box was connected in series with the sine wave gen- 
erator input to the galvanometer. Since the galvanometer 
multiplies the amplified detector output and the sine wave 
generator input together, a reduction in the sine wave 
generator input reduces the galvanometer sensitivity for 
a given detector output. Thus, the decade box functioned 
as an additional sensitivity control. The amount of re- 
sistance to use in a series of runs was usually established 
by making a preliminary measurement run to determine the 
magnitude of the signals to be exoected. This was done 
because it was highly desirable to make both the measure- 
oient run and the calibration run at the same gain dial 
setting and thus avoid unduly complicated octhods of data 
reduction. 
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The magnitude of the signal generated in the 
detector unit is a function of the velocity of the 
moveable coil and its flux linkages. The amount of 
flux linkage was controlled by the current in the 
fixed coil (£ of Fig. X). Any fluctuations in this 
current would cause variations in the sensitivity of 
the detector system. Originally a 1.5 volt dry cell 
battery was used to energize this coil and was found 
to be unsatisfactory because its terminal voltage 
could not be maintained constant. To maintain the 
current in the fixed coil constant a lead acid storage 
battery was used. / variable resistor and ammeter were 
placed between the battery and the coil so that s con- 
stant current could be insured. An automobile battery 
charger was vised to keep the storage battery in e con- 
stant state of charge. 

During the early calibration runs a great deal of 
trouble was experienced with the reoroducibility of data. 

The reasons for such difficulties were two-fold in that 
they arose from both instrumentation and mechanical sources. 
During the original calibration runs the galvanometer zero 
setting was arbitrarily chosen to facilitate acquiring 
on-scale readings. It was discovered that the response 
of the galvanometer to s signal of fixed magnitude end 
frequency was a function of the zero setting. In other 
words, the galvanometer was found to be non-iineer. 
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After this discovery the same zero setting was used 
throughout the investigation and carefully checked at 
frequent intervals. 

As previously mentioned, the boseing system 
operated in most conditions just off the resonant peek 
to give increased sensitivity. Turing the preliminary 
calibration runs the propeller shaft speed was checked 
at frequent intervals and corrected occasionally to the 
desired v slue. fub sequent measurements revealed that the 
response of the system was extremely critical with re- 
spect to propeller shaft speed end that the speed was not 
held constant enough by frequent manual adjustments. The 
timing fork speed control circuit as described in Section 
II was then adopted. The tuning fork held the speed 
within approximately 1 RPM . 

The first determinations of the phase angle y 
relating the propeller blade position and the occurrence 
of the measured vibratory force revealed another instru- 
mentation problem. It was possible to calculate two 
values of y depend ; ng upon which phase of the sine wave 
generator appeared first in the time domain of the 
measurement system. By using s once per revolution 
contact maker and the cathode ray oscilloscope, it was 
established that the arbitrarily designated A reading 
preceded B reading in the measurement system used. This 
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fact controls the definitions of 3j_ and end the nr,?. ke- 
ep of the phase angle de termination method employed. 
Although a small problem, it is representative of the 
ones which .lead to time delays in discovery and correction. 

At the same time instruments tion troubles were 
being corrected and modified, the problems concerning 
the mechanical aspects of the bossing system were dis- 
covered. Preliminary calibration runs quickly showed 
the calibrator mechanism as originally designtsd and driven 
had to be modified to eliminate torsional vibrations. 

These torsional vibrations affected the calibration method 
in several ways. Since the sine wave generator was driven 
by the calibrator shaft, the torsional oscillations caused 
an unsteady sine wave generator output. Thus the sine 
wave generator input to the galvanometer was unsteady 
causing the galvanometer readings to oscillate. In ad- 
dition, torsional vibration of the calibrator cam shaft 
produced a vibratory force whose frequency did not 
correspond to that of the hydrodynemically induced force, 
and therefore could not be used for construction of a 
represen tative calibration curve. The calibrator, when 
in position for a calibration run, was originally driven 
by o long flexible cable geared to the dynamometer 
shaft at the thrust meter end. To reduce the torsional 
vibration to an acceptable level, the major portion of 
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the flexible cable was replaced by a feolie steel shaft. 

Th© shaft vjss mounted on a long 4 f! x 4 n wooden beam and 
supported by bronze bearings. Short pieces of flexible 
cable were used at each end of the solid shaft. Figure 
XVI shows part of the shaft and one of the short flexible 
cables connected to the calibrator. It should be mentioned 
here that the three extra arms on the calibrator had a 
negligible effect in reducing vibration and were removed 
during the initial phase of the investigation. 

Although the torsional vibration was greatly re- 
duced by using the solid steal shaft, it still persisted. 

It was discovered that the alignment of the calibrator 
cam shaft and the sine wave generator shaft was not true. 
The two shafts had been coupled together with a solid 
steel coupling to prevent slippage and to oreserve the 
phase angle relationships. To eliminate the alignment 
problem the sine v^ave generator was moved to one side 
and identical gears were pinned to each shaft. This 
is the reason for the sine wave generator gear drive. 

In one of the many attempts to obtain reproducible 
data it was found that the sensitivity of the measurement 
system varied with the exact location of the detector unit. 
This was caused by rubbing of the moveable coil on the 
inside of the detector case. As seen in Fig. X the 
clearance between the moveable coil and the side is ex- 
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tren.ely small. Therefore, unless the vertical rod con- 
necting the horizontal srr. to the moveable coil of the 
detector was correctly aligned, rubbing occurred and 
consequently greatly varying detector sensitivities re- 
sulted. To eliminate this variable the correct position 
of the detector unit was found and carefully merited to 
insure a reproducible location end thus a constant 
sensitivity. In addition the detector casing was re- 
machined to a larger internal diameter to provide greater 
clearance around the moveable coil. The find remedial 
measures taken in obtaining reoroducible data focused 
themselves about the wire used between the calibrator 
lever arm end the bossing during the calibration runs. 

The wire which was originally selected for this function 
was black ii'on wire, of l/3k inch diameter. In selecting 
this wire, calculations were made to determine the in- 
fluence of the weight of the wire on the spring constants 
of the springs used, and, on the time lag between the time 
the cam reached the high point and the time the bossing 
received the application of this maximum force. Both 
of these effects were calculated to be negligible 6 
Initially, the force applied to the bossing by a parti- 
cular spring was determined by measuring the elongation 
of the spring alone as a function of the required 
elongation force. These measurements were made for each 
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spring individually. It had been calculated that the 
spring constant of the wire was infinite compared to 
that of the spring and was therefore negligible. This 
method was found to be completely unsatisfactory. The 
first corrective step was to replace th© wire then in 
use with 0.01Q W diameter steel piano wire. The use of 
piano wire reduced the number of kinks and small bends 
which ordinary wire inherently possesses. In addition, 
it reduced the spring action of the wire on the pulley, 
used to guide the wire to the bossing. This replace- 
ment of the original wire with piano wire stlli did 
not completely solve the problem of reproducible data. 
The system used to determine the force applied to the 
bossing was inadequate. Using the initial system 
the elongation of the wire was assumed to be zero, 
and the displacement of the bossing and pulley was 
assumed to be zero when the force was applied. The 
method finally adopted took these variables into account 
by determining the force applied to the bossing with 
the bossing and calibrator system assembled and th© 
wire-spring combination attached in the exact manner 
in which it was to be used for calibration. The method 
is described in detail in the following section on 
force determination. 

Kith adoption of the piano wire for the wire- 
spring combination another problem was inherited? 
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lateral vibration of the wire in the span between the 
lever arm and the pulley. See Pig. XV. It was found 
that the amount of lateral vibration of the wire ve.s 
a function of the initial tension applied to the wire- 
spring combination. The amount of lateral vibration 
affected the magnitude of the force applied to the 
bossing. By increasing the initial tension lateral 
vibrations were greatly reduced although not eliminated. 
Several attempts were made to eliminate these vibrations 
by using different types of dampers. The dampers not 
only tended to reduce the lateral vibration but also 
the longitudinal vibration and consequently, the 
magnitude of the force applied to the bossing. The 
effect of the lateral vibration at higher initial ten- 
sions was felt to be almost negligible when the precision 
of the overall assumptions were reconsidered. For this 
reason, rather than use some type of damper which would 
further complicate the calibration system, a small but 
constant error was accepted, 

h'ith an operationally acceptable system of measure- 
ment and calibration, there remained the problem of 
evaluating the effects of certain parameters on the 
calibration technique. Several of these have been 
mentioned in connection with the instrumentation and 
mechanical aspects of the initial procedure. The one 
remaining parameter to be mentioned is that of water 
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velocity. The Calibration techni ue employed assumed 
the effect of water velocity to be negligible on the 
response of tht bossing. It was found, however, that 
the bossing was sensitive to variations in water 
velocity. The ohenomenon is similar to that of the 
self-excitation of airplane wings commonly known as 
wing flutter. The frequency of the vibration was con- 
stant but its amplitude was found to increase with in- 
creasing water velocity. A shift from the long nose 
piece to the short nose piece was accompanied by a 
shift in the frequency of the self excited vibration. 

The frequency measured coincided closely to the cal- 
culated natural frequency of the bossing system. This 
meant that the water velocity would affect the response 
of the system to a given force and frequency. To reduce 
this effect to a negligible quantity it was decided to 
accept a reduced sensitivity and operate avay from, the 
natural frequency of the bossing. Poor performance of 
the calibrator mechanism at propeller speeds greeter 
than 625 P-PM placed an upper limit on the frequency. 

(625 PPM corresponds to a calibrator speed of 2500 PPM). 
The lower limit was established at approximately 350 RPM 
because of the amplifier characteristics. A propeller 
shaft spew'd of 5AS PPM was therefore selected as the 
basic speed at which a large portion of the investi- 
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gation w; s conducted. At this propeller speed it v.< s 
found that the water velocities? required to cover the 
desired range of thrusts were sufficiently lou to have 
a negligible effect on the system resoonse. A snail 
error is introduced at the higher water velocities but 
these correspond to negative thrust values which were 
not of interest in tbi& investigation. 

From this it can be seen that many assumptions 
have been made es to the magnitude of various sources 
of error. Refinement of the instrumentation, bossing 
system, calibration and measurement techniques could 
go on endlessly. As many refinements were rrace as 
considered compatible with the tine allowed for the 
thesis. Whether more refined a c-acuremen ts would have 
been consistent with the basic assumptions used to 
permit the investigation is questionable. 
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2. retails ot Forco He termination; 



T'eterminati on of the magnitude of the hydro- 
dynamically induced vibratory force, was accomplished 
by preparation of a series of calibration curves. The 
response of the system to a vibratory force was a 
function of the frequency of the excitation force and the 
natural frequency of the bossing system. The frequency 
of the excitation force corresponds to four times the pro- 
peller shaft speed and, consequently, calibration was 
required for each speed used. The natural frequency of 
the bossing system was found to be a function of clear- 
ance and bossing length, i,e. which nose piece and spacer 
ring combination was in use. The tern clearance refers 
to the distance between the propeller and bossing and the 
term length to the dimension parallel to the direction of 
water flow. See Fig. XXVII. The clearance between the 
propeller and bossing was varied by lengthening the 
cylindrical or hub section of the bossing. Lengthening 
was accomplished by inserting brass spacers at the after 
end of the cast aluminum hub section. See Fig. VI and 
Fig. XXVII. This additional ‘weight altered the natural 
frequency of the bossing and thus the natural frequency 
of the entire bossing system comprising the bossing, 
hollow steel shaft, and horizontal arm. Addition of the 
brass spacers was accompanied by relocation of the point 
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of attachment of the bossing to the hollow steel shaft. 

/s a result the point of application of the alternating 
twisting moment was changed and this in turn changed the 
angular displacement of the hollow- steel shaft and hori- 
zontal arm for a given vibratory force. For this reason 
it was necessary to calibrate the system for each clear- 
ances investigated and each length of bossing used. The 
shift in natural frecuency of the bossing with a variation 
in length resulted from the fact that the inertia of the 
entrained water varies as the square of the bossing length. 

Calibration was accomplished by means of the cali- 
brator described in Section IX. The appropriate nose 
piece and the piano wire were fastened to the bossing be- 
fore it was placed in the test section. The bossing was 
placed at the desired location in the test section de- 
pendent upon the clearance under investigation. The- pro- 
peller was not attached to the propeller shaft during 
the calibration runs because it was necessary to run the 
dynamometer shaft at the correct speed. This was necessary 
since the calibrator shaft was driven by the dynamometer. 
The piano wire was then run through a pulley with friction- 
less bearings to the calibrator where it was attached to 
the Lever arm by means of a small helical spring. An 
assortment of springs provided a good range of spring 
constants. ¥.ith the lever arm at the low point of the 
cam the initial tension was set by putting the desired 
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weight on the weight nan and then adjusting the length 
of the wire-spring combination until the lever fra just 
lifted off the cam. This ©mounted to varying the initial 
elongation of the spring. See Fig. XX. The same initial 
tension or force was applied tc each spring depending upon 
stiffness. Having adjusted the initial tension to the 
desired value, the cam was rotated 180 ° to the- high point. 
Weights were then added to the weight pan until the lever 
arm just lifted off the cam. This additional weight was 
the force applied to the bossing when corrected for the 
distance (d) between A and B in Fig. XX, the angle between 
the weight pan string and the arm, end the actual arooli- 
tude measured, bee Fig. XXVIII. 

Although the same springs and seme diameter piano 
wire were used repeatedly for the various calibration 
runs, the soring constant was determined independently 
for each run. 

Having determined the magnitude of the weights re- 
quired, the weights were removed from the weight pan and 
the weight pan string removed from the lover arm. The 
propeller shaft was then run at the desired RPM and the 
galvanometer readings, A reading and B reading, recorded. 
The above process was then repeated for i sufficient 
number of springs to determine e calibration curve of 
force vs. resultant galvanometer reading, R reading. 
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fee sample calculations end a typical celibi ation 
curve. 

The next phase of the orocedure consisted of 
actual force measurements. Having sufficient data to 
olot a calibration curve the wire-spring combination 
was removed from the bossing, the propeller keyed to 
the propeller shaft in the marked angular position 
(see details of phase angle determination), and the 
calibrator relocated on the control panel. See Fig. XVI. 

The results of previous investigations indicated 
that the magnitude of the bossing force was mainly a 
function of two variables: thrust and clearance. Con- 
sequently, for each set of conditions, measurements 
were made for a wide range of thrusts; from above the 
operating point to approximately zero. At the desired 
values of thrust the galvanometer readings were recorded 
and reduced to the corresponding force by means of the 
calibration curves. 

Early calibration runs revealed that the maximum 
force which could be applied to bossing by the calibrator 
was approximately i.i lbs. (bee Ciscussions of Besults). 
Because the magnitudes of the forces were well above 
1.1 lbs, for l p clearances with the short bossing, and 
the calibration curves showed the system to be non-linear, 
it was necessary in this case to use a different c&li- 
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bration technique. From this, it should not be concluded 
that the bossing system was non-linoar, but rather the 
measurement system} in particular the galvanometer or 
amplifier. For this reason the magnitude of the fore© 
could not be determined by linear extrapolation of the 
l n calibration curve. 

A calibration curve was made in the usual manner 
with the calibrator for an amplifier gain setting of 10. 
The measurements were made with an amplifier gain sett- 
ing of 6. In addition to taking the calibration osta 
with a gain setting of 10, data was recorded for gain 
settings from 6 to 11 inclusive. Lines of constant 
force were then plotted on semi-log oaoer with an 
ordinate of resultant galvanometer reading and an abscissa 
of gain setting. From this, lines of constant resultant 
reading were plotted using an ordinate of force end an 
abscissa of gain setting. The average slope of the con- 
stant resultant galvanometer readings was .measured. The 
relationship to determine the magnitude of the force 
at other gain settings was found to be F * F € 
where D q and D are the amplifier gain settings, and m is 
the slope. (For the l n clearance runs p£= F^ € . 

In other words, with the resultant galvanometer readings 
from the actual measurement runs, the force, F 1q , xs 
determined from th© % calibration curve. But the resultant 
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readings were taken with a gain setting of 6, therefore, 
it is necessary to run along & constant resultant read- 
ing line to a gain setting off; and reed the force F^o 
The del® for ® clearance of l w with the short bossing 
was the only data reduced in this manner. The magnitude 
of the forces for the other runs with the short bossing 
could be determined directly from ® calibration curve. 

The method employed to determine the magnitude 
of the forces when the long bossing was employed dif- 
fered from that described above. These forces v.ere much 
greater than had been anticipated inasmuch as it was 
originally considered that the bossing with the short 
nose piece attached was "very long” in comparison with 
the propeller diameter, chord lengths, etc. Consequently, 
the calibration runs were mace in a manner similar to 
those used with the short nose piece at clearances great- 
er than l w . For most clearances the forces measured were 
larger than 1.1 lbs. and therefore too large to be taken 
directly from the calibration curves. Linear extrapolation 
was therefore employed to reduce this data. The method is 
described in detail in the* section on Sample Calculations. 
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3. Details of Phase Anglo Da termination 



Phase angle determination involved the ©valuation 
of four phase anclos and the relationship between these 
angles. In this calculation ell the phase angles arc 
referred to the indicator card which is attached to the 
flywheel of the calibrator mechanism and rotates at 
four times propeller shaft speed. The four angles are 

(Subscript one refers 
to calibration and 
two to measurement . ) 



a * the phase angle between the tine the generating line 
of an arbitrarily selected propeller blade coincides with 
trailing edge of the bossing and the time the calibrator 
cam applies the maximum positive force- to the bossing 
during calibration, 

y * the phase angle between the time the generating line 
of the arbitrarily selected propeller biro’s coincides 
with the trailing edge of the bossing and the occurrence 
of the measured hydrodynetnicslly induced force normal to 
the bossing. A positive force acts in the same direction 
as the maximum calibrator force} i.e, in the same di- 
rection as the calibrator wire pulls on the bossing. 



defined es follows? 
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X * the phase angle betwe* n the time of occurrence of 
the measured signal to the galvanometer and the applied 
bossing force? either calibrator or measured, since this 
angle was assumed to be constant, 

S • the phase angle between the time of occurrence of 
the A reading to the galvanometer and the time the cali- 
brator cam applies the maximum rositive force to the 
bossing. 

The indicator card was attached to the calibrator 
flywheel so that a zero reading corresponded to the high 
point of the cam, or application of the maximum, positive 
calibrator force. The time delay between extension of 
the spring and application of the force at the bossing 
was calculated to be negligible. 

For convenience in the determination of 3j and 
3 2 following sign convention was adopted? 



A reading 
+ 



3 reading 
+ 

4 



Angle 

0 - 90 ° 
90 - ISO' 9 
180 - 270® 
270 - 360* 



Fror Fig. XXXI the following relationship can 

be determined: 
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Figure XXX 
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PHASE DIAGRAM FOR CALIBRATION RUNS 



Force tSIo 




PHASE DIAGRAM FOR MEASUREMENT RUNS 
( with negative readings ) 
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Figure XXXI 




Derived from combining 
diagrams of Figure XXX 
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Y * 180 + n k - (d x + d) 
or with the sign convention 

Y * $ 2 " 4 J ) • 

Since the above relationship has been referred to the in- 
dicator card which rotates at four times propeller spe<-d, 

Y has to be divided by four to determine the relationship 
between force* propeller bl*K© position and bossing. The 
angle is determined when the generating line of the pro- 
peller blade Is in line with the trailing edge of the 
bossing. Therefore, on the phase diagram the bossing 
corresponds to the blade position. The force can be 
thought of as a rotating fore© vector rotating at four 
times shaft speed or at calibrator speed. The horizontal 
component of the force vector is the force applied to the 
bossing. For the case illustrated the measured force lags 
the propeller blade position by y ° , &inct? the force 

measured is in the negative sense, the positive force will 

180 - v 3 

lead the propeller blade by -- — \ v hen referred to 
the propeller blade and bossing this means that the 
positive force occurs before the propeller blade reaches 
the position where the generating line and the trailing 
edge of the bossing coincide. 

The method of measurement employed assumed the 
phase angle X to be constant, S , the angle between 
phase A of the sine wave generator and the high point 



-39 - 



(O 



X 



f) - c f * c%i 



noli n»vnoD nvla ®dl rtliw io 

. (e * i l) - s < * y 

-nl *dl :» bsiTslai fH9d a d oldanoil - i»i ®vods aril &onl* 
t b’*q2 T*» X I SrO'IO .••*11 1U''' !• 3sl-t01 doldw bTSD TOliOlb 
cirti noil* ie7 aril • nl7rc#l*b cl 7uol yd b»bivib sri ol sad y 
ertT .(nniaaod b«» nrili'o*' ® *Id uil ccic n*»wiad 

-01 ail ' •: *•11 pniJ*T«n»r «rii nsri- ’» •nL<.79l*b *1 signs 
»ril lo ©;b» pnlli»7l *ril rtf l* *n II ni al ab' Id ToIIaq 
cni*<cd adl **7o*ib ♦ ••»ri<r '1 no t 97ol*7«riT .pnisscd 

ad n»o •o'tel ariT .r ilJao* »b*vXd eril ol 3bno:a«>7To:> 
ivcA fi gnllti ox iclotv eaiol grii^lcx • as lo Idgj rfl 
i>ln . laori •‘ •I .haaqa lolflidilo 1* to bo*qa lied- 3 •'•id 
aril ol biles* <11 tL iolb*v *ovol »ril 1c lnenoq«oo 

a p s I *3:c' bsiuaaa.-i »dl baf*ilaulll #s - d aril loi .gnl^aod 
oioi eril aonld . °y yc nlllaoq ebsid Talieqci- eril 
Hi-* -f3T:o! *villaoq *ril t eanaa evil6g*r. aril nl ai b>7oe'»" 
cl b9Ti*\*7 n» ■ v yd *?»• Id Telisqoia eril qael 

eril l..ril 8n»«- airil pniaaod bns sb«Xd t®XXb> 07 eril 
*«d3i:» 1 «r> • id Tali*' 07C Bdl *'2-?l9d 3XU30O SOTOl »vlll80*. 
gniil il aril 'ft* pnii pnlls-»r«v »dl eie/V noillaon add 

.• >l>nl 3 pnl>9oa eril to epbe 
eril . beycXqr.* In*- .» tu* . e<* bo/lem eriT 

p*®< J • « X cris aril t 3 -*d '•! X signs 'asri.-, 

Inlr*' •■'old ^ril br* cl <- snap •v* - enia eril \o K ®isdq 



-ee- 



of the can waft also constant since the sine wave gen- 
erator and cam shaft were geared together. Consequently, 
3^ wac theoretically & constant as long as the sine wave 
generator end cam shaft were not displaced angularly by 
uncoupling* The calibrator being a packaged unit per- 
mitted movement from the propeller tunnel hatch where it 
was used for calibration, to a new location during the 
measurement runs. For propeller shaft speeds of 54$ BP* 5 
which corresponds to 36,, 5 cps, it was found that the 
angle X mii & function of the amplifier gain* M a 
result the angle 0^ had to be es a function of gain 
setting. The galvanometer reads El cos 3, or 
El cos (0 + ir/2) dependent upon which sine wave gen- 
erator output is used in conjunction with the amplified 
signal from the detector. A switch permitted rapid 
switching of the sine wave generator input to the gal- 
vanometer from phase A to phase B. The A reading corres- 
ponds to the galvanometer reading with phase A of the sine 
wave generator as an input to the galvanometer j a measure 
of El cos (0^), The 8 reading corresponds to the gal- 
vanometer reading with phase B as the input} & measure 
of El sin- 0^. Therefore, the signal to the galvanometer 
or resultant reading is: 
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Resultant rdq 



3 - ^ 



^'rdcp f 



i\ (Cl)* cos*^ + (EI) X sin* 2 ^ 



T ~ v 

(El)* (sin*5 i + co s*“ } ^) * El 

tan 3 , - x--2 or 3, « tan -1 *~S 

1 rdg 1 A rdg 

The resultant readings and were easily determined for 
each calibration run. In a similar manner for each 
measurement run, a resultant reeding could be computed 
together with 

jC 

The phase angle, u, as previously defined was de- 
termined by means of the indicator card and two strobe 
lights. The generating line of an arbitrarily selected 
propeller blade was marked on the blade at the tip. The 
propeller was then placed on the propeller shaft in the 
test section of the tunnel and the propeller and shaft 
marked so that tho propeller was always returned to the 
same angular location on the shaft after each removal. 
The marked propeller blade was then aligned with the 
trailing edge of the bossing and the propeller shaft 
marked so that the mark coincided with the cross hairs 
of a smell telescope mounted outside the tost chambe 
window. See Fig, XVII, By means of the phase-r for 
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timing of the strobe-lights, the strobe lights could 
be phased so that they r, stopped n the propeller shaft 
when the scribe mark lined up with the crocs hairs in 
the telescope (blade in line with bossing). A second 
strobe light, fired simultaneously with the first, was 
used to read the indicator card. The phase angle, 
was read directly from the card since 0* corresponded 
to the high point of the cam. Using the relationship 
4y * 3 2 - ♦ a) and the sign convention for deter- 

mination of the quadrant 0^ and S.,, the phase angle 
between force end blade position was determined® 



ioz 



•-trie' ■ } , j i-> j..- + < %<il J* ni^iJ 

till# . ■ > 5 n b • yvdj d«.rt3 * fl 

n • ■ J -• •*•'• f 3 df dS 1 ■ '.i '> nil >, i*- >cf **ro« »f n*.« 

'■fi'5' ; *- ( Ji* or f I i *t i fd) ©res * » . r * J odd 

3«- +di itiy* { Liucr,- (.* L •■*,: c ootII: t ddcii idexf* 

, ■ t «Xpr* ** *. 1 c *»*T ,hT*o iftj tiVi » *,d art b$»u 

bs'-nc^aeTico *0 'j r ii **115 «■ 1 *"il yldoeiib b**i • 

•1 en-iiJi !* t r.f»U .ms * if Jo feti^c mid vtf* * 

10 ' nci’n-v.' ? nnle *r»d f^r;- (* + j, 1 ) - - 

*Xrr« > a • r{ 1 *.. 1 bn* , i -t ibzvy. 9 dJ ;c noidini* 

‘ • • <•* nf lJiit • Id n* i»dio> r-»*v.**o 






t « • 






s.o v 



APPENDIX 8 



SAMPLE CALCULATION- 

As discussed in Lection III, analysis oi the* major 
portion of the data recorded involved three basic division*? 
(i) calibration, (i) measurement, and (3) phase angle de- 
termination. To illustrate the calculations sequence, 
each step will be taken individually, using arbitrary data? 

A . Calibration : 

Late recorded: 

Spring No. 

Initial Tension: 

Weight: 

RPMx 

Gain Setting: 

Resistance: 

a 

reading 
^reading 

To obtain the force applied to the bossing by the 
wire-spring combination, the weight added to the weight 
pan is converted by a ratio of lever arms and the cosine 
of the angle of attachment of the weight nan string to 
the lever arms 



R 

4 lb ! *. , 11 oz. 

3 lbs,, 100 gmso 
548 
6 

1000 ohms 
- 1.30 

— 1 . 48 
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Force per one-hcif revolution 
of the c&fn 



_ 3 lbs* 100 ems. 

« ** -t co 4. 

& 



x 0,99 



- i « 596 lbs. 

This value represents the total chenge in force on the 
bossing while the cam travels through twice the amplitude. 
The excitation force, then, is just half of this values 

Force « 0*798 lbs. 

Since the galvanometer deflection readings recorded, 
represent two perpendicular vectors, the resultant de- 
flection: 



n rdg * A rdg + ^rdg 



“(1.39) Z + (1.48)' 



R rd S ■ ;: ' 0Z 

With these two calculated values, a point on the cali- 
bration curve is determined for this set of data. 

For use in the phase determination, 3^* must be 
determined. By definition: 

3, - tan” 1 r-- 2 
x M rdg 

~ tan” 1 » 46. 8* + 180° 



- 226. S* 
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As discussed in Section III, the angle is determined to be 
between 160 19 and 270° by the sign convention adopted,, 



B. Measurement Run 

Cats Recorded: 



Thrust, uncorr. : 


26.4 lbs. 


Thrust correction: 


4-0.7 lbs. 


Press. column, H, , : 


1 w>4 rnm . 


RPM : 1 


54^ 


Gain betting: 


6 


Resistance: 


5000 ohms 


^reading* 


-0.72 


^reading* 


+1.92 


a 


327 


Temoerature: 


80° F. 



From this data we must determine the values of thrust, J, 
(advance coefficient) force- on the bossing, and 3-. 

A* 

Thrust, corrected » 26.4 + 0.7 - 217.1 lbs. 



From propeller tunnel calibration data, the water 
velocity in the test section, in feet p^r second, 

v -■ 0,41656 -vj Hj x C teaP ' 



where H, is the measured height of the broroo 
benzine column, in mm. 



and C 



temp. 



is a correction to the column read- 
ing to account for changes in 
atmospheric temperature. For SG®F. 
the value of C. is 0.985. 

tO'::p. 



3 



Thus, 



■ 1 

v = 0.41656 ">yj 184 x 0.985 



- 5*60 fps. 
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By definition. 



J *■ v/nd 

where n * rev. per sec. 

d » diameter in feet, 
v = vaster velocity in ft/sec. 



J - 4*60 x 
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For the determination of 
reeding is first d etermined ss 



the force, the resultant 
before. 




(-0.7 2) 2 



(1 »92j 




sr 



**. * 



06 



In the simplest esse, the calibration curve for this 
arrangement of parameters is now entered with this re- 
sultant deflection, and the corresponding force read 
directly. This force, then, together with the corres- 
ponding thrust, is plotted. 

, As for the calibration data, by definition. 



3 5 * tan” 1 
d A rdg 

*= tan~^ * 690 5° 



In this particular instance, the sign convention determines 
that has a value between 90® and 180° « Thus, 

a 2 e 180 - 69.5 « 1X0.5* 
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As previously discussed, the calibration data 
directly represents only forces between 0 and 1.1 lbs. 

For some combinations of nose pieces and clearances, 
the actual measured force exceeds this range. In such 
cases two methods of extrapolation were employed. The 
first, end simplest, was employed exclusively in re- 
ducing the data taken with the long nose piece. It con- 
sists of merely determining the slope of the calibration 
curve for the data taken, and thus obtaining a constant 
relationship between resultant deflection readings and 
force applied. This method involves the assumption of 
linear response of the bossing system to the applied 
forces over the full range of forces experienced. In 
general, the relationship is 

Force « K * S x R rdg 

where K - the oose intercept 
of the calibration 
curve, and 

L- ~ slope of the cali- 
bration curve. 

The second method, based precisely on the data taken, 

\ 

was employed in the analysis of a part of the short boss- 
ing data. Use is made of variable amplifier gain, A de- 
tailed description of this method may be found in the 
section on Detailed Procedure, bee- Section V for a dis- 
cussion of the two methods. 
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C. Phase Determination 



The method of phase determination is discussed In 
detail in Appendix A. For the example given above, 

3 X • 226,8° 

3 2 * 110,5® 
a * 327 ° 

360-a « 3 3° 

In accordance with the development in Appendix A, 

4y ~ 3o - (^i + a) 

= 110.5 - (226.8 ♦ 3|) - - 149 . 3 ° 
y * 37.3° 

where y i & defined as the phase angle between the time 
the generating line of an arbitrarily selected propeller blade 
coincides with the trailing edge of the bossing and the 
occurrence of the measured hydrodynsmicaliy induced force 
normal to the bossing. 
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APPENDIX C 



Original Data and Calculation 
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Nose Pieces Short RPM * 54^ 

Resistances 1000 ohms Clearance l n Amplifier Gain Settings Variable 
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Measurement Hun No. 1 

V<ater Temperature: 77® F. RPM : 543 

Nose Piece : Short Amplifier Csain Setting: 6 

Thrust Correction: -2.0 lbs. Clearance 1 K Resistance : 1000 ohms 
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ft's ter Temperature: 77“F. RPM : 548 

Nos© Piece : Short Amplifier Gain Setting: 10 

Thrust Correction: -7.5 lbs. Clearance Resistance : 1000 ohms 
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Water Temperature: 76®F. RPM : 548 

Nose Piece : Short Amplifier Gain Setting: 10 

Thrust Correction: -2.0 lbs. Clearance 3 B Resistance : 1000 ohms 
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Calibration Run No. 10 

Nose Piece: Long RPM : 54S 

Resistance: 1000 ohms Clearance 2 n Amplifier Gain Setting: 6 
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Measurement Pun No. 11 

Water Temperature: 80® F. RPM : 54S 

Nose Piece : Long Amplifier Gain Letting: 6 

Thrust Correction: +0.7 lbs. Clearance l n F;esistance : 5000 ohms 
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TABLE XXVI 1 

Measurement Run No a JA 

Crater Temperature: 80*F. R?E : 548 

Nose Piece : Long Amplifier Gain Letting: 6 

Thrust Correction: +0.7 lbs. Clearance l-3/4 n Resistance : 1000 ohms 
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TABLE XXV I II 
Measurement Bun No. 15 

V J ater Tamoer? ture: 80°E. RPM : 548 

Nose Piece % Long Amplifier Gain Setting: 6 

Thrust Correction: +0.7 lbs. Clearance 2 n Resistance : 1000 ohms 
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TABLE XXIX 

Measurement Run No, 16 

Water Temperature: 80° F. KPM : 548 

Nose piece : Long Amplifier Gain Setting: 6 

Thrust Correction: +0»7 lbs. Clearance 2-l/4 tl Resistance : 1000 ohms 
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TABLE XXXI 

Measurement Bun No. 18 

Water Temperature: 80 ,S F. PPM : 543 

Nose Piece : Long Amplifier Qein Getting: 8 

Thrust Correction: +0.7 lbs. Clearance 2.~3/A* Resistance : 1000 ohms 
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TABLE 1 XXXII 

Measurement Run No. 19 

Water Temoersture: 80° F. RPM : 542- 

Nose Piece : Long Amplifier Gain Setting: 8 

Thrust Correction: +0.7 lbs. Clearance 3 H Resistance : 1000 ohms 
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